Abstract: Nanocrystalline hydroxyapatite was synthesised by wet chemical reaction between sea shells (CaCO 3 ) which were thermally converted to amorphous calcium oxide (CaO) and then to calcium hydroxide (Ca(OH) 2 ) and reacted with phosphoric acid (H 3 PO 4 ). Two experiments were conducted using wet chemical synthesis method. Hydroxyapatite (HA) was synthesised by slow addition of phosphoric acid in to calcium hydroxide (Ca(OH) 2 ) without microwave irradiation and in another method; microwave irradiation was carried out after the reactants were combined in a similar manner. In both the experiments, the Ca:P ratio of 1.67 was maintained. pH of the solution was maintained at 9 to avoid the formation of calcium deficient apatites. The synthesised samples show XRD patterns corresponding to hydroxyapatite. The wet chemical process without microwave irradiation resulted in rod shaped HA particles of size 101 nm, whereas microwave irradiation of the solution after reaction also resulted in rod shaped HA but the particle size was only 68 nm as evidenced from XRD analyses. The TEM analyses reveal average aspect ratios of 3.37 ± 1.28 and 5.98 ± 2.28 for methods without and with microwave irradiation respectively.
Introduction
Hydroxyapatite [Ca 10 (PO 4 ) 6 (OH) 2 ](HA) has good biocompatibility which is most commonly used in biomedical applications such as implant materials, bone tissue regeneration, cell proliferation and drug delivery. HA provides strength to the skeleton and also acts as a storehouse for calcium, phosphorus, sodium, and magnesium. According to Webster et al. (2000) , nanocrystalline HA has shown to demonstrate enhanced bioactivity and osteo-integration. Moreover, Hench (1977) had earlier established the chemical bonding of bone with a bioactive glass ceramic through a calcium phosphate rich layer. As a result of lot of work done since the mid-70s, HA has been developed and commercialised as a mineral to repair, augment and substitute human bone (Le Geros and Le Geros, 1993) .
Ben Nissan (2003) has discussed the use of natural and synthetic calcium phosphate bioceramics as bone grafts in orthopaedics and dentistry. HA can be found in the teeth and bones in the human body. So, it is commonly used as a filler to repair bone or as a coating to promote bone ingrowth into metallic implants. Bone is a natural hybrid nanocomposite of plate-shaped HA mineral particles in orientation with collagen, with an appropriate balance of stiffness, toughness and vibration damping properties. The length of hydroxyapatite platelets varies from 10 to 40 nm depending on their position and morphology.
Natural bioceramics such as skeletons of marine organisms (coral, sea urchins, oyster shells, conch and clam shells, etc.), fish bone and egg shells have been used to prepare HA powder. HA synthesised from natural sources which are available in abundance has better tissue response by virtue of its porosity ,chemical and structural similarity to that of the mineral phase of bone and easily bonds with natural bone.
There are several methods, recently adopted to synthesise hydroxyapatite from natural sources. Hu et al. (2001) produced highly crystalline HA with homogeneous size and shape by hydrothermal processing of corals. HA, thus synthesised allows quick tissue ingrowth. Conversion of conch and clam seashells in to hydroxyapatite by hydrothermal method for load bearing applications and conversion of sea urchin spines to resorbable Mg-substituted tricalcium phosphate by hydrothermal reaction have been reported (Vecchio et al., 2007a (Vecchio et al., , 2007b . Synthesis of HA using eggshells and phosphoric acid at different mixing ratios (Balazsi et al., 2007) has also been reported. AB-type carbonated nano-powder of HA prepared by hydrothermal transformation of milled oyster shell powders (Lemos et al., 2006) and hydroxyapatite structures for tissue engineering synthesised by hydrothermal treatment of aragonite in the form of cuttlefish bone (Ivankovic et al., 2009 ) are some of the many synthesis methods used for the production of HA from naturally available sources. Jarco et al. (1977) was the first to synthesise ultrafine HA powders by chemical reaction between calcium hydroxide and phosphoric acid at room temperature. An increase in the concentrations of the starting raw materials promoted the formation of ultrafine needle-shape hydroxyapatite particles with smaller crystallite size and higher specific surface area after an appropriate ageing time (Tanaka et al., 2003) . Phillips et al. (2003) adopted wet chemical synthesis methods such as bulk precipitation reaction, macro and micro emulsion reaction techniques to synthesise needle shaped nano particles of HA by chemical reaction between phosphoric acid and aqueous suspension of calcium hydroxide. Le Geros and Daculsi (1990) and Pena et al. (2001) have reported preparation of biphasic materials by microwave processing from natural aragonite and calcite.
The present study reports synthesis of hydroxyapatite by a similar wet chemical method using sea shell powder without adopting the hydrothermal method. Under high temperature and high pressure conditions, the hydrothermal synthesis route is relatively complex and reaction time is comparatively long (Cao et al., 2005) . In this study, microwave irradiation of the reactant solution and microwave drying of the obtained precipitate was also done. As an important processing method, microwave sintering would ensure high density, better microstructure and higher strength for HA within a short time than the conventional furnace (Fang et al., 1994) . The study reported here adopts microwave irradiation to rapidly produce nano HA without any unnecessary substitutions (Ramesh Babu et al., 2005) .
Since, India has a vast resource of sea shells along its coast, they can be systematically harvested to be developed as a cheap source for the synthesis of HA.
Experimental work

Wet chemical synthesis without microwave irradiation
The sea shells (CaCO 3 ) which were mostly of the molluscan marine species Mytilus sp (brown mussel) were harvested from the sea beach of the coastal town of Trivandrum, Kerala, South India. These shells were cleaned, deproteinised and heated in a kiln at 900°C. Carbon dioxide gas (CO 2 ) is released, producing soft, amorphous shells of calcium oxide which was powdered using mortar and pestle. 
Calcium oxide (2.8 g of CaO dissolved in 200 ml of distilled water) was used to prepare 0.25M solution of calcium hydroxide to which 0.15M of phosphoric acid (1.7 ml of phosphoric acid dissolved in 200 ml of distilled water) was added drop-wise at the rate of 1ml /minute with continuous stirring using a magnetic stirrer at room temperature. The above combination gives a Ca:P ratio of 1.67 for the reagents. The related chemical reactions are given below: 
Continuous stirring to complete the chemical reaction resulted in a gelatinous precipitate and ammonia solution was added drop wise to maintain the pH at 9. The solution was allowed to age for 24 hours and then filtered to separate the precipitate which was washed with distilled water. Then, the precipitate obtained was dried in a furnace at 110°C for 6 hours. The dry sample obtained was powdered well using mortar and pestle. The X-ray diffraction (XRD) analysis was done to the powder specimen for identifying the phases by comparing with the JCPDS database. TEM and EDX analysis were also done to characterise the obtained product.
Wet chemical synthesis with microwave irradiation
Microwave irradiation of the reactant solution and drying of the resultant precipitate was done using a domestic microwave oven (LG, 2450 GHz, 800 W Power). This method is used to prepare nanosized HA as it provides rapid volumetric heating by energy transfer at the molecular level. The resultant product has narrow particle size distribution and high phase purity. Calcium oxide (5.6 g of CaO dissolved in 200 ml of distilled water) was used to prepare 0.5M solution of calcium hydroxide to which 0.3 M of phosphoric acid (3.36 ml of phosphoric acid dissolved in 200 ml distilled water) was added drop-wise at the rate of 1 ml/minute with continuous stirring using a magnetic stirrer at room temperature maintaining the same Ca:P ratio of 1.67 for the reagents. Continuous stirring was done until the reaction was complete and the pH was maintained at 9 by drop-wise addition of ammonia solution. The solution was then subjected to microwave irradiation at 100% power (800 W) for 10 minutes. Then, the solution was filtered to obtain the precipitate which was washed with distilled water and dried in the microwave oven for 15 minutes at 60% power (480W) to remove the water particles completely. The dry sample was powdered well using mortar and pestle. XRD, TEM and EDX analysis were done to characterise the obtained product.
Characterisation and discussion
X -ray diffraction (XRD) analysis
X-ray diffraction analysis was done to the dried powder samples at a speed of 0.04 degree/second and the strong guest peaks in the XRD pattern are characteristics of HA and matched with the JCPDS file No.09-432 of hydroxyapatite. Debye-Scherer formula for size broadening was utilised to find the grain size by using the formula:
D represents the size of the crystallites (nm), K is the shape factor (K = 0.9), λ is the Diffraction wave length = 1.54056 A°, B corresponds to the full width at half maximum of peak (radians) and θ is the Bragg's diffraction angle (°). The XRD pattern for the hydroxyapatite synthesised by wet chemical method without microwave irradiation is shown in Figure 1a . The broad peaks indicate the nanocrystalline nature of the synthesised HA. The size of the crystallites was determined using Scherer formula at the peak corresponding to 2θ = 25.7° and was found to be 101 nm at (0 0 2) reflection. The XRD pattern of the particles prepared by microwave irradiation process is shown in Figure 1b . The size of the crystallites was determined using Scherer formula at the peak corresponding to 2θ = 25.97° and was found to be 68 nm at (0 0 2) reflection and the XRD pattern indicated phase pure HA. From the Figures 2a and 2b , absence of prominent peaks between 2θ = 29°-31° indicates the absence of secondary phases such as tricalcium phosphate, tetra calcium phosphate and calcium oxide. (Ramesh et al., 2008) . 
Transmission electron microscopic (TEM) analysis
HA Powder was ultrasonically dispersed in methanol and collected on carbon coated copper grids before TEM analysis. The TEM image of HA (Figure 3a. ) synthesised by wet chemical synthesis without microwave irradiation shows the morphology of HA particles to be rod-shaped with mild agglomeration and average aspect ratio of 3.37 ± 1.28. Selected area diffraction patterns (SADP) showed a diffused spotted pattern indicating polycrystalline nature of the powder. Figure 4a . shows the energy dispersive x-ray spectroscopy (EDX) of HA which confirms the presence of HA with Ca/P ratio found to be 1.65 as the Ca/P mole ratio for HA could vary from 1.2-2.0 (Larsen and Widdowson, 1971) . Figure 3b shows the TEM image of HA particles synthesised by microwave irradiation. This also shows the characteristic rod-shaped morphology of HA particles. The average aspect ratio of particles is 5.98 ± 2.28. The SADP again showed a spotted pattern indicating the presence of reduced number of large crystallites. The inter-planar spacing calculated using the SADP was found to be similar to that of XRD of HA (JCPDS 9-432). The EDX spectrum of HA (Figure 4b .) confirms the presence of HA with the Ca/P ratio found to be 1.82. 
Conclusions
Two different methods were proposed to synthesise nano hydroxyapatite from sea shell powder (CaCO 3 ) by wet chemical synthesis. During microwave irradiation adopted in the second method, the process of ageing and formation of HA occurred rapidly whereas in the first method without microwave irradiation, HA formation occurred gradually. Both the methods yielded nanocrystalline hydroxyapatite as evidenced from the TEM analysis. The morphology of the crystallites was rod-shaped for both the methods, but HA prepared by microwave irradiation was of smaller size than that prepared without microwave irradiation as evident from the XRD examinations. The particle size of HA prepared without microwave irradiation was 101nm and with microwave irradiation was 68nm. The corresponding values of average aspect ratios were 3.37 ± 1.28 and 5.98 ± 2.28 as observed from TEM images. Decrease in particle size of HA leads to enhanced mechanical properties, such as compressive strength, hardness and indentation fracture toughness (Bose et al., 2010) . Therefore, microwave processed HA with its advantages of shorter processing time, high reaction rates, narrow size distribution and high purity could be used for applications such as in coatings for implant materials. The XRD analysis in both the methods indicated phase pure HA with the absence of CaO and other secondary phases. Nano HA prepared from sea shells would be a definite choice for biomedical applications due to its close structural similarity to natural bone.
